Chronic obstructive pulmonary disease
COPD is a major health problem worldwide. Nearly 7% of the adult United States population has COPD and it is currently the fourth leading cause of death in United States [1] . COPD is projected to become the third leading cause of death worldwide by 2020 [2] . In patients with established COPD, infections of the lower respiratory tract are frequent. These present as an exacerbation of the chronic symptoms of COPD (acute exacerbation of COPD) or as pneumonia. Either of these can lead to complications including respiratory failure requiring mechanical ventilation in intensive care units.
Several mechanisms account for the increased frequency and severity of lower airway infections in COPD, including anatomic abnormalities, disordered mucus secretion, decreased ciliary clearance, and host defense defects [3] . Mucus hypersecretion by airway cells, long thought to be of no consequence, has now been shown to be associated with worsening lung function, increased frequency of acute exacerbations, and hospitalizations [4, 5] . Alveolar macrophages from patients with COPD show decreased response to nontypeable Haemophilus influenzae antigens and decreased ability to phagocytose these bacteria [6, 7] . These problems cause increased susceptibility to damage by environmental insults and microbial infections, causing an increase in baseline lower airway inflammation [8] .
Acute exacerbation of chronic obstructive pulmonary disease
Patients with COPD show evidence of increased inflammation in their airway even at the baseline state. Sputum levels of interleukin (IL)-6, IL-8, neutrophil elastase, and myeloperoxidase are increased in patients with COPD compared with those without COPD [9, 10] . Chronic symptoms of cough, increased sputum production, or dyspnea are present at baseline; episodes of worsening of these symptoms occur periodically, an exacerbation. An increase in airway inflammation is observed during exacerbations [11] [12] [13] . C-reactive protein levels in blood, a marker of systemic inflammation, rise during an exacerbation and decrease more slowly in patients who do not improve [14] . Levels of sputum tumor necrosis factor-a and IL-8 rise during an exacerbation, then decline during convalescence [11] . These observations suggest that the symptoms of an acute exacerbation are caused by increased airway inflammation.
The clinical diagnosis of acute exacerbation of COPD is distinguished from pneumonia by the absence of lung infiltrate in chest radiograph in the former. Longitudinal studies have explored the incidence of acute exacerbations in patients with COPD. In general, the number of exacerbations per year increases with severity of COPD. In a 2-year study of 101 patients with moderate COPD, the median exacerbation rate was 2.4 per patient per year [15] . Exacerbations requiring hospitalization have been associated with increased mortality that persists up to 2 years after discharge from hospital [16] . A hallmark of COPD is heterogeneity in clinical course among patients.
Several etiologies account for acute exacerbations of COPD and the increase in airway inflammation. The relative proportion of these causes has been difficult to determine. Part of the difficulty stems from inconsistency in definition of acute exacerbation in various studies. There is concern that the spectrum of acute exacerbations, defined by a worsening in one or more symptoms, may represent different diseases. For example, patients with purulent sputum are more likely to have a bacterial infection as the cause of acute exacerbation than those with mucoid sputum [17] . At present, the most used definition is the one proposed by Anthonisen and colleagues [18] in their study of antibiotics in acute exacerbation of COPD. In this study of antibiotic efficacy, an exacerbation was defined as increase in dyspnea, sputum volume, and purulence (type 1 or severe); any two of these symptoms (type 2 or moderate); or any one of these symptoms with fever and symptoms of upper respiratory tract infection (type 3 or mild). Using this definition, there are various probable causes for worsening in lower airway inflammation causing acute exacerbation (Box 1).
Another reason for the difficulty in precise definition of the proportional contribution from the various etiologies is the focus on one etiology over others in various studies. There are several studies focusing on the role of bacteria or viruses in acute exacerbations, but few have studied both in the same set of patients. In one group of 64 hospitalized patients with acute exacerbations, sputa were analyzed for bacteria by culture and for viruses by polymerase chain reaction (PCR). An infectious cause was established in 78.1% (29.7% bacterial, 23.4% viral, and 25% viral-bacterial coinfection) [13] . Various authors have estimated that 50% to 80% of exacerbations are caused by infections from bacteria and viruses, and about 10% by environmental causes [19] [20] [21] . Up to 30% of exacerbations have no identifiable etiology (see Box 1) [16] .
Bacterial infections
Many patients with COPD have potentially pathogenic bacteria in their lower airway even at their baseline state. Several studies, using bronchoscopy, bronchoalveolar lavage (BAL), and protected specimen brushes to avoid contamination from upper airway flora, have recovered such bacteria in about 40% of these patients at their baseline. The literature is divided on the role of bacteria in the pathogenesis of COPD, but there is little doubt that bacteria cause at least some of the acute exacerbations of COPD. Box 2 lists the lines of evidence that show bacteria play a significant role in causing acute exacerbation. Increase in pathogenic bacteria during exacerbation. The percentage of patients with pathogenic bacteria in lower airway increases from the baseline during an exacerbation [13, 22] . A pooled analysis of studies using protected specimen brush sampling showed that pathogenic bacteria were present in lower airway of 29% stable COPD patients and 54% of patients with acute exacerbation [23] . As the microbial load in lower airway increased, the rate of exacerbations rose.
Box 1. Causes of acute exacerbation of COPD
Correlation of increased airway inflammation with presence of pathogenic bacteria. In patients with exacerbation, sputum markers of inflammation are higher in those with bacteria in the sputum than those without bacteria [24] . Furthermore, as the number of pathogen colony-forming units increases, sputum markers of inflammation increase [25] . These observations suggest that bacteria contribute to the increased airway inflammation in exacerbations of COPD.
Antibody response to bacteria. Patients with acute exacerbation develop antibodies to infecting strains of H influenzae and Moraxella catarrhalis, showing triggering of the humoral immune system by the bacteria [26, 27] .
Molecular epidemiology. Part of the confusion regarding the role of bacteria as etiologic agents in acute exacerbation of COPD is because of isolation of the same species of bacteria in stable and exacerbation states. Factors related to differences in bacterial pathogenicity might explain this paradox.
Most of the older studies of exacerbation did not pay attention to differences in strains of bacteria. In a longitudinal study of patients with COPD, acquisition of new strains of H influenzae, M catarrhalis, or Streptococcus pneumoniae was associated with a significantly increased risk of an exacerbation [28] . One might speculate that the older strains were kept in check by neutralizing antibodies and the newer strain is not subject to such limitation for a period.
Benefits of antibiotics in acute exacerbation. Two recent systematic reviews have shown that antibiotics significantly reduced mortality and treatment failure in severe acute exacerbations of COPD [29] and in exacerbations with purulent sputum [30] . Antibiotics seem less beneficial in mild and moderate exacerbations and when sputum purulence is absent. Prior studies have shown that the presence of purulent sputum during an exacerbation, as reported by the patient, correlated with a higher chance of recovering pathogenic bacteria from sputum [17, 31] . In the study by Anthonisen and coworkers [18] , the benefits of antibiotic therapy in acute exacerbation were mostly in the type 1, the group with all three symptoms (increased dyspnea, sputum volume, and purulence). This emphasizes that acute exacerbation of COPD, a syndrome defined by symptoms, has subsets that are more likely caused by bacterial infection than other causes.
Haemophilus influenzae is the commonest bacterial pathogen in COPD. Fig. 1 shows the bacterial isolates from the COPD study clinic at VA Western New York Healthcare System (Buffalo, New York) over a 12-year period (Timothy F. Murphy, MD, unpublished data).
Viruses
Respiratory viral infections can cause acute exacerbations and hospitalizations in COPD [32] . Rhinovirus [33] , influenza virus, parainfluenza virus, coronavirus, adenovirus, respiratory syncytial virus [19, 33] , and human metapneumovirus [34] have been associated with acute exacerbations in COPD. In general, 20% to 40% of acute exacerbation episodes are probably caused by viral respiratory infections [19, 21] . PCR techniques detect viruses in a higher proportion of respiratory secretions than culture or serology. A study of patients with acute exacerbations, using PCR, viral culture of nasal secretions, and serology for respiratory viruses, detected evidence of viral infection in 39.2% of acute exacerbation episodes. Rhinovirus accounted for 58.2% [33] . In another study, the same group of authors reported detecting, by PCR, rhinovirus in induced sputum in 10 (23.2%) of 43 exacerbation episodes [35] . In four of these instances, they could not find rhinovirus in nasal secretions. Another study of patients hospitalized with severe exacerbations found evidence of viral respiratory infection in 56% [36] . Human metapneumovirus has been detected, using PCR, in respiratory secretions of patients with acute exacerbation [34, 37] . These reports establish association, however, not causation. Respiratory viruses have been detected in 16% of patients with stable COPD [33] . Detection of virus by PCR need not mean infection in all cases, and further studies exploring a causal link between viruses and acute exacerbations are needed [38] .
How viruses cause acute exacerbations is not yet clearly understood. Rhinovirus, an upper airway pathogen, also is capable of replication in lower airway epithelium [39] . Respiratory viruses, especially influenza virus, cause lower airway epithelial cell damage. In addition to the direct cytotoxicity, release of cytokines and chemokines leads to an inflammatory response, release of proteolytic enzymes, and further tissue damage [40] . Secondary bacterial infections following viral respiratory infections can worsen the inflammation. Influenza infections increase the odds of infection with S pneumoniae and H influenzae [41] .
Atypical bacteria
Serologic evidence of Chlamydophila (Chlamydia) pneumoniae infection, without isolation of the organism, has been reported in 4% to 8% of patients with acute exacerbations [42, 43] . Similarly, serologic evidence of acute Mycoplasma infection, but without isolation of the microbe, has been reported in a small percentage of patients with acute exacerbation [44] .
Environmental causes
Ozone and particulate air pollutants of diameter less than 10 mM have been shown, in epidemiologic studies, to be associated with acute exacerbations [45] . In Linden, Utah, the number of hospital admissions for exacerbations of bronchitis fell when the local steel mill closed, only to go back to prior levels when the mill opened again. The number of atmospheric particles less than 10 mM paralleled this trend [46] . Atmospheric black smoke and sulfur dioxide have been associated with increase in emergency room visits for acute exacerbation of COPD [20] . Atmospheric pollutants and tobacco smoke cause loss of ciliated cells, decreased mucociliary clearance, mucosal gland hypertrophy, and increased mucus production [47] . Mucus contains glycoproteins with carbohydrate side chains to which bacteria attach [48] .
Other causes
Noncompliance with medications and incorrect use of inhalers can induce an exacerbation. Conditions like heart failure, pulmonary embolism, and pneumothorax can mimic symptoms of an acute exacerbation and have to be considered in the clinical analysis. Finally, up to 30% of acute exacerbations have no identifiable cause [16] .
Pneumonia COPD patients with pneumonia present with symptoms similar to acute exacerbation, but have lung infiltrates on chest radiographs. COPD raises the risk for community-acquired pneumonia [49] . Patients with COPD and community-acquired pneumonia have higher mortality than patients without COPD [50] and patients with nonpneumonic acute exacerbation of COPD [51] .
Among patients who have influenza A respiratory illness, COPD is a risk factor for developing influenza-associated pneumonia [52] . These patients have pulmonary infiltrates and test positive for influenza A in their respiratory secretions. They often have superimposed bacterial pneumonia, caused most commonly by Staphylococcus aureus and S pneumoniae. Mortality is high, around 30%.
Opportunistic infections
Patients with COPD are often treated with oral glucocorticoids for acute exacerbations and often with inhaled corticosteroids. Stuck and colleagues [53] , in a meta-analysis, found increased rates of infections in patients receiving more than 10 mg prednisone per day and in those who had received more than 700 mg prednisone cumulative dose.
Invasive aspergillosis has been most well described in patients with prolonged neutropenia and those receiving high-dose steroids, usually in the setting of organ transplants and hematologic malignancy. There have been several reports of invasive aspergillosis in patients without these problems, especially in COPD patients on long-term steroid therapy. The diagnosis is often not made until after death and the mortality is high [54] [55] [56] [57] .
The possibility of Aspergillus pneumonia should be considered in COPD patients who have pulmonary infiltrates and are not responding to standard therapy [58] .
An acute exacerbation in COPD is defined by patient-reported symptoms that increase from a baseline. There are many causes for acute exacerbation of COPD. Infections are involved in more than half of these, with viruses causing a third and the rest by bacteria. Patients with pneumonia have similar symptoms, with an infiltrate on chest radiograph. In patients who have been on steroids, opportunistic infections are possible, especially if the patient does not respond to standard therapy.
Bronchiectasis
Bronchiectasis is defined as permanent abnormal dilatation of bronchi. These patients often have chronic, baseline respiratory symptoms of cough, increased sputum production, and shortness of breath. These symptoms are more intense during an exacerbation. Lower respiratory tract infections (bronchitis, pneumonia, and its complications) are more frequent in patients with bronchiectasis compared with healthy volunteers [59] [60] [61] . Infections play a prominent role in these exacerbations and probably in the baseline symptoms.
The exact prevalence of bronchiectasis is unknown. In New Zealand, a survey of pediatricians produced an estimated prevalence of 1 in 3000 children for non-CF bronchiectasis [62] . A report from the United Kingdom found a prevalence of 1 in 5800 children [63] . The description of the disease is similar in different countries. These patients have decreased survival as compared with healthy subjects. Keistinen and colleagues [64] followed a cohort of patients with bronchiectasis in Finland over a 7-year period. Patients with bronchiectasis had higher mortality and lower quality of life than those with asthma, although they fared better than those with COPD.
Etiology
Numerous factors have been identified as the cause of bronchiectasis. These include postinfectious (childhood viral respiratory infections, bacterial pneumonia, tuberculosis); inherited diseases, such as ciliary dyskinesia; autoimmune disorders, such as rheumatoid arthritis; inflammatory bowel disease; and immune deficiencies [61] . A sizable number of patients, however, have idiopathic bronchiectasis with no clearly identifiable cause [65, 66] . In adults who present with bronchiectasis without an obvious cause, genetic testing has identified CF in 3% to 20% of these patients [65, 67] .
Pathophysiology
The obvious reason for chronic infections and exacerbations in patients with bronchiectasis is the anatomic abnormality. The bronchial walls are damaged and dilated, with possible strictures in the varicose variety of bronchiectasis. This reduces the patient's ability to clear respiratory secretions from the segments. Clearance of bacteria by the ciliary mechanism is also affected. Recurrent infections lead to further damage to the bronchi, setting up a vicious cycle of suppuration and tissue damage [68] . Recent investigations have focused on defects in host defense against bacteria. Patients with bronchiectasis, in comparison with normal persons, have more of a Th2 immune response to nontypeable H influenzae infection [69] . It is not yet clear if this represents increased susceptibility and inability to clear bacteria in a certain group of patients who are more prone to develop bronchiectasis in response to infections, or a secondary effect of chronic infection.
Baseline symptoms
The baseline symptoms suggest chronic inflammation in the airways that worsens during an exacerbation. Sputum studies show an increase in neutrophils, markers of inflammation, and cytokines [70] including IL-8 and IL-6 [71] . Moreover, those who have pathogenic bacteria in their lower airway cultures have more sputum neutrophils, elastase, myeloperoxidase, tumor necrosis factor-a, and IL-8. Systemic markers of inflammation including total blood white count, neutrophil count, erythrocyte sedimentation rate, and C-reactive protein are increased in patients with bronchiectasis at their baseline, compared with controls [72] .
Symptoms during an exacerbation respond well to appropriate antibiotics [61, 73] . These reports support the role of bacteria causing the exacerbation of symptoms. The role of microbes in the baseline state symptoms is less clear. Evidence supporting a role comes from studies that show an increased bacterial load in the lower airways of these patients. In studies using techniques that have avoided contamination by upper airway flora (using bronchoscopy, protected specimen brush, and BAL), more than 50% of patients with bronchiectasis have potentially pathogenic bacteria in their lower airway [71, 74] . The presence of pathogenic bacteria in the lower airways of these patients has often been termed ''colonization.'' Improvement in baseline symptoms after long-term antibiotics [73] suggests, however, that these bacteria may be causing inflammation. It is very likely that these patients have chronic lower airways inflammation, caused at least in part by pathogenic bacteria.
Exacerbation
If patients with bronchiectasis have chronic lower airway bacterial infection, what causes exacerbations? In addition to noninfective causes (eg, tobacco smoke), microbes play a role. The spectrum of pathogenic bacteria isolated in patients at baseline and during exacerbations is remarkably similar. H influenzae, Pseudomonas aeruginosa, S pneumoniae, and M catarrhalis are the more common bacteria in most studies. H influenzae has been the commonest pathogen isolated, in nearly 40% of patients [71, 75, 76] . S pneumoniae and P aeruginosa are the next most frequent.
In lesser proportions, Enterobacteriaceae, Nocardia, and S aureus are isolated. Recently nontuberculous mycobacteria (NTMB) (see later) have been recognized more frequently. What changes in the baseline microbial situation to cause an exacerbation is unclear. It has been proposed that going beyond a certain threshold in the lower airways bacterial load causes the increase in inflammation and an exacerbation [25] . Recent studies in COPD, however, point to acquisition of new strains as a cause. The acquisition and clearance of different strains of M catarrhalis in bronchiectasis has been shown to be a dynamic process [77] , with intermittent acquisition and then clearing of new strains. In COPD, acquisition of a new strain of pathogenic bacteria has been associated with a significantly increased risk of an exacerbation [28] . A similar mechanism is very possible in bronchiectasis, but this remains to be established.
The isolation of P aeruginosa correlates with more severe clinical disease in bronchiectasis and occurs later in the course of disease [78, 79] . This could be the cause of the disease progression, or more likely the effect. At least one report [80] notes that the rate of decline in lung function was no worse in patients infected with P aeruginosa. This suggests that as the bronchiectasis becomes more severe, with increasing bronchial wall damage, P aeruginosa gains a foothold and serves as a marker for severe disease. S aureus is an uncommon isolate in bronchiectasis that is not caused by CF. One report found that in patients with bronchiectasis who had persistent S aureus isolation in sputum, there was a high incidence of abnormal sweat chloride test. The authors advise that persistent S aureus isolation in bronchiectasis should prompt testing for CF [81] .
NTMB have been recognized as causing chronic lung disease, including bronchiectasis [82] . Although it is clear that Mycobacterium avium complex causes nodular infiltrates and bronchiectasis in elderly white women, it is not clear if NTMB infections occur more frequently in established bronchiectasis. Fowler and colleagues [83] isolated NTMB in sputum cultures of 10% of patients with bronchiectasis; however, many of these patients were later diagnosed to have CF. Others have found NTMB to be uncommon in non-CF bronchiectasis [84] .
Cystic fibrosis
CF is the most common lethal inherited disorder in the white population [85] . It is inherited as an autosomal-recessive disorder. Homozygotes have clinical disease, heterozygotes are carriers. The gene involved codes for CF transmembrane conductance regulator (CFTR), a c-AMP regulated protein that functions as a chloride channel in the apical membrane of epithelial cells [86] [87] [88] [89] . Epithelial cells in the airways, submucosal glands of the airways, sweat glands, nasal epithelium, salivary glands, biliary tree, pancreas, vas deferens, and intestines express this gene. The classic triad of clinical features (increased sweat chloride, pancreatic insufficiency, and chronic pulmonary disease) is caused by mutations in the gene coding for CFTR [90] . The median survival age has gradually increased to about 30 years. At present, most of the morbidity and mortality from CF are caused by respiratory illness [89] . Patients with CF develop pulmonary infections caused by a limited group of bacteria from a very early age. Within a short time, these infections become chronic and almost impossible to eradicate. Repeated, chronic infection leads to problems with growth, quality of life, and ultimately to respiratory failure and death.
Pathophysiology
Except for mild increase in acinar diameter of submucosal glands in airways, the lungs are normal in appearance at birth in patients with CF [91] . The glands produce mucus with increased viscosity. There is decreased mucociliary clearance of particulate matter and bacteria. Soon after birth, pulmonary infections start. There is intense neutrophilic inflammation in the airways, which continues through life. Mucopurulent exudate accumulates in airways, causing plugging of the smaller airways. There is destruction of bronchial wall, including cartilage. Bronchiectasis, pneumonia, and increasing respiratory difficulty occur [85] .
There are two primary issues involved in the pathophysiology of lung disease in CF. There is increased susceptibility to infection in the lung (but not in other organs) and excessive neutrophilic inflammation in CF (this is seen in other organs like pancreas and intestines) [90] . The combination of these two factors leads to suppurative pulmonary infections. Increased susceptibility to infections is probably caused by a combination of host and pathogen factors.
Increased susceptibility to infection

Host factors
The lungs in CF present an unusually fertile environment for growth of some bacteria. P aeruginosa, the most serious pathogen in CF, flourishes in CF lungs, but rarely causes infections elsewhere [92] . Mucociliary clearance of particulate matter is abnormal in CF because of a reduction in the volume of periciliary fluid [93] [94] [95] . Moreover, the mucus in CF is more viscid and of a greater depth, causing increased oxygen gradient across this layer [96] .
Increased adherence of bacteria, especially P aeruginosa, to airway epithelial cells occurs in CF. CFTR has been proposed to be a receptor for P aeruginosa, causing internalization of the bacteria followed by apoptosis of the cell. In CF, a defective CFTR is not able to function in a similar manner [97] . An abnormal glycolipid, asialoGM1, functions as a receptor for P aeruginosa pilin and is increased in CF airway cells [98] . Mechanical factors (bronchiectasis, viscid pools of mucus and pus) certainly contribute to increased susceptibility to airway infection in CF. Although the function of antimicrobial peptides has not been shown to be defective in CF, there are reports of reduced nitric oxide production by CF airway epithelial cells [99] , which may impair killing of bacteria.
Pathogen factors
The unusual host environment also induces phenotypic changes in P aeruginosa that favor chronic infection. Although infecting P aeruginosa strains resemble environmental strains in the early years of the disease, they change to mucoid strains later. These strains produce an exopolysaccharide, alginate, which causes the colonies to look mucoid. The onset of this change in phenotype is associated with further worsening of lung function [100] . The trigger for this change is not clearly known. It seems reasonable to assume that it is a response to some host environmental conditions and various triggers, such as neutrophil products, surfactants, and suboptimal doses of antibiotics, have been proposed [101] .
Pseudomonas aeruginosa also changes its lipopolysaccharide side chain structure, which could make it more resistant to antimicrobial peptides [102] . Recent evidence suggests that P aeruginosa produces biofilms. Biofilms are sessile communities of bacteria attached to a surface and living in an extracellular matrix of their own synthesis [103] . Indirect evidence for biofilm formation in CF comes from observation of discrete bacterial colonies in CF sputum, and detection of quorum-sensing signals in these bacterial communities [104] . Bacteria in biofilms grow more slowly and are more resistant to antibiotics [105] .
Increased inflammation
In addition to the increased susceptibility, patients with CF have an abnormally intense and prolonged inflammatory response to infections. CF patients have increased numbers of neutrophils and levels of IL-8 in BAL fluid, as compared with non-CF patients, irrespective of the species of pathogen [106] . Neutrophils and IL-8 are increased in BAL even when cultures are negative [107] . Infections are associated with an increase in inflammation markers in sputum [108] . The production of IL-10, an anti-inflammatory cytokine, is reduced in bronchial epithelial cells of patients with CF as compared with normal controls [109] . This evidence points to a disordered inflammatory response to infection in CF airways. The products of excessive inflammation, which include neutrophil elastase and DNA fragments from apoptotic neutrophils, contribute to anatomic damage and airway plugging [89, 90] .
Exacerbations
The course of CF pulmonary disease is punctuated by recurrent exacerbations, which cause increase in symptoms and worsening of lung function [110] . The triggers for these episodes are not well known. Possible causes are viral respiratory infections [111] , clonal expansion of P aeruginosa population [112] , and dispersal within airways.
Pulmonary clinical features in cystic fibrosis
Most newborns with CF do not have respiratory symptoms or signs. Within the first year, however, most develop cough, wheezing, and tachypnea. The severity of these symptoms varies among patients. These symptoms are worsened by common childhood viral respiratory infections [113] . Infants with mild disease are often not diagnosed until older. As the child becomes older, cough becomes persistent, and if the child is able to expectorate, increasing sputum volume and purulence is noted. Shortness of breath leads to decreased quality of life and deficiencies in growth may be apparent. Once bronchiectasis sets in, hemoptysis, which can be mild to severe, can occur. Cough, wheezing, and purulent sputum become a daily occurrence. Bronchial cysts develop, and occasionally rupture to cause pneumothorax. Exacerbations of the baseline symptoms often necessitate hospitalization [85, 89] . Eventually, respiratory failure is the cause of death in 80% of these patients.
There are less severe phenotypes of CF, however, with patients surviving well into adulthood (adult CF) and with lesser frequency of P aeruginosa infection [114] .
Microbiology
Patients with CF develop pulmonary infections caused by a limited group of bacteria, but the list of bacteria isolated from CF patients is growing (Box 3). The acquisition of various bacteria varies by age ( Fig. 2 ). Of these, P aeruginosa, Burkholderia cepacia, and probably S aureus are associated with decline in clinical status and mortality. The spectrum of bacteria varies with age. S aureus was reported to be the first organism cultured by BAL within the first few months of life in CF [108] . Rosenfeld and colleagues [115] , in a longitudinal study of infants with CF using bronchoscopy and BAL, reported that H influenzae was the commonest infecting microbe at age 1 year. H influenzae declined over the next 2 years of life, whereas S aureus and P aeruginosa increased. By 3 years of age, 33% had P aeruginosa in the BAL. By early adulthood 80% have chronic P aeruginosa infection. Most patients with CF have polymicrobial chronic airway infection. In an analysis of 595 patients, an average of 2.9 pathogenic species per sputum were cultured [116] .
Staphylococcus aureus is one of the earliest to be cultured from CF patients. Historically, S aureus has been thought to be of significance and treated with antibiotics [85, 117] . Definitive evidence, however, for a role in causing infection in CF is lacking. A meta-analysis of antistaphylococcal antibiotic trials showed that, although sputum clearance was often achieved, improvement in lung function was not observed or reported [118] . Most authorities, however, advise treatment of S aureus in sputum. The percentage of methicillin-resistant S aureus has been increasing across the United States. In 2004, the prevalence in CF was 14.6% (see Fig. 2 ).
Similarly, evidence for a definite role for nontypeable H influenzae in causing lung inflammation in CF is lacking [119] . It is often the earliest bacterial pathogen cultured, however, from the lower airway in CF patients [115] . Recent work has shown evidence that H influenzae forms biofilms in CF airways [120] .
Pseudomonas aeruginosa
Pseudomonas aeruginosa is the most important pathogen in CF. The onset of infection with P aeruginosa is associated with decline in lung function. As mentioned previously, Rosenfeld and coworkers [115] found that 33% of patients have P aeruginosa in BAL by age 3 years. Serologic studies show that infection probably occurs even earlier. Antibodies to P aeruginosa can be shown in blood 6 to 12 months before the bacteria can be recovered by sputum or oropharyngeal cultures [121] . The database of the Cystic Fibrosis Foundation shows that about 80% of young adults with CF have chronic P aeruginosa infection (see Fig. 2 ). Others have found an even higher incidence. Using BAL cultures, 47.5% had P aeruginosa by age 3 years; however, when combined with serology, 97.5% had evidence of P aeruginosa infection [121] . Female gender, homozygous DF508 CFTR mutation, and S aureus isolation from sputum have been identified as risk factors for early acquisition of P aeruginosa [122] . There are less severe phenotypes of CF where the burden of P aeruginosa infection is less common. In a series of patients with adult CF, the mean age was 41.8 years and P aeruginosa airway infection was present in only 48% [114] .
The initial isolates of P aeruginosa in CF phenotypically resemble environmental isolates and those seen in non-CF patients. Early infections are cleared, only to be infected by a different strain and cleared again [121] . Within a few years, however, P aeruginosa becomes persistent. Once persistent, it is extremely difficult to eradicate. Chronic pseudomonas airway infection in CF has been defined as the continuous presence of P aeruginosa in lower airway secretions for greater than or equal to 6 months or the presence of two precipitating antibodies against P aeruginosa [123] . Chronic infection is more likely to be caused by the same strain of P aeruginosa over many years, albeit with continuing genetic adaptation to life in host airways [124] . Once well established, P aeruginosa changes its phenotype and produces alginate. The colonies look mucoid. P aeruginosa uses various strategies to survive on a long-term basis in CF patients' lungs. There is evidence that P aeruginosa produces biofilms. Biofilm formation is associated with the production of rhamnolipids, which facilitate dispersal of bacteria within airways [125] . In biofilm mode of growth, P aeruginosa down-regulates virulence factors and tissue invasion [124] . Transcription of the flagellin protein is down-regulated [126] . This is advantageous to the bacterium because flagellin acts as a ligand for bacterial recognition proteins [127] . This probably helps with evasion from detection by host immune system and an effective immune response [128] .
The change to mucoid type is associated with further decline in lung function [100] . Once well established, it is extremely difficult to eradicate P aeruginosa in these patients [89] . Many have strains that are resistant to multiple antibiotics. Being infected by mucoid P aeruginosa increases mortality and morbidity in CF children [129, 130] . Early in the course of CF, however, P aeruginosa infections are intermittent. This offers a window of opportunity for clearing the infection with aggressive antibiotic therapy [131] . In Denmark, such a strategy has markedly reduced the proportion of CF patients who develop chronic infection during adolescence and early adulthood [123] .
Burkholderia cepacia
Initially described as Pseudomonas cepacia, this bacterium was renamed Burkholderia and given its own genus. Later work showed that the prototype species, B cepacia, has at least nine genetic variants (genomovars) and many of these have been named as new species. It was renamed B cepacia complex. Most clinical disease is caused by genomovars 2, 3, and 5; severe disease is mostly by genomovar 3 (B cenocepacia) [132, 133] . Colonization and infection of airways in CF by B cepacia had been sporadically reported, but the incidence increased dramatically in 1970s and 1980s [134] [135] [136] . It frequently coexists with P aeruginosa, but occurs later in the disease [136] . B cepacia can be transmitted in an epidemic fashion between CF patients at CF clinics and outside-clinic social interaction [135] . So far, the prevalence of B cepacia infection remains under 20% in the CF population (see Fig. 1 ). In a Canadian cohort of CF, B cepacia colonization was associated with increased mortality at all levels of lung function [137] .
Burkholderia cepacia causes three types of host response [136] : (1) type 1, colonization of airways without any change in clinical status; (2) type 2, gradual clinical decline with frequent exacerbations of respiratory symptoms and decline in lung function; and (3) type 3, abrupt, rapid deterioration and respiratory failure, necrotizing pneumonia, frequently causing death. Most of type 3 response occurs in girls. Unfortunately, B cepacia remains resistant to most commonly used antibiotics.
Other bacteria
Stenotrophomonas maltophilia [138, 139] and Alcaligenes xylosoxidans (previously called Achromobacter xylosoxidans) [140] are both gram-negative bacilli and are recovered from CF airway cultures in 8% to 10% (see Box 3). The age of acquisition is later than for P aeruginosa, usually in late adolescence. When adjusted for P aeruginosa infection status, neither of these bacteria affect mortality or severity of the course in CF [138, 140] .
Pandoraea apista, a nonfermenting gram-negative bacillus, has been reported to infect lower airways in CF [141, 142] . Burkholderia pseudomallei infection (melioidosis) has been reported in CF patients from northern Australia [143] . A large variety of other gram-negative bacilli have been isolated from sputa of patients with CF. These include Ralstonia, Enterobacteriaceae, and Burkholderia gladioli [116, 144] . It is unclear whether these bacteria adversely affect the course of disease in CF.
Allergic bronchopulmonary aspergillosis
Allergic bronchopulmonary aspergillosis is a clinical syndrome of wheezing, pulmonary infiltrates, and central bronchiectasis, caused by sensitization to Aspergillus, mostly Aspergillus fumigatus (as opposed to invasive disease). These patients have immediate cutaneous hypersensitivity to A fumigatus, increased total serum IgE, eosinophilia, and serum precipitating antibodies against A fumigatus [145] . The incidence of allergic bronchopulmonary aspergillosis is increased in CF. Estimates vary because of geographic variation and differences in definitions of diagnosis. Two large United States databases estimate prevalence at around 2% in CF [145, 146] , whereas a large European registry reported 7.8% [147] . Patients with CF and atopy have higher prevalence [145] . Prevalence is higher in late adolescence.
Nontuberculous mycobacteria
Olivier and colleagues [148] reported a prevalence of 13% for NTMB in patients with CF. M avium complex accounted for 72%, and 16% were caused by Mycobacterium abscessus. The prevalence was higher in coastal areas. Whether isolation of NTMB represents lung disease is a matter of much research. In an autopsy study, patients with CF who had repeatedly positive antemortem cultures for NTMB were more likely to have granulomatous lung disease on autopsy [149] . In addition to repeatedly positive cultures, changes on high-resolution CT showing bronchiectasis or lung involvement are also suggestive of the need for treatment [148, 150] .
Infection control
Because patients with CF are often treated in centralized clinics, interpatient spread of virulent and multidrug-resistant pathogens has been a concern. Interpatient transmission has been well documented for B cepacia [135, 151] and P aeruginosa [152, 153] . The evidence for interpatient spread is much less robust for S maltophilia and A xylosoxidans. Cohorting of patients, by isolation of infected from noninfected, has been shown to reduce new infections for B cepacia [151] and P aeruginosa [153] . A meta-analysis advised separation of patients with B cepacia from noninfected patients, and separation of patients with multidrug-resistant P aeruginosa, S maltophilia, and A xylosoxidans from other CF patients and immunocompromised patients [154] .
